We use a mathematical model to analyze the dynamics of loss of nonconjugative pACYC184 from populations of Escherichia coli B in glucose-limited continuous culture. This model incorporates both plasmid segregation and selection against plasmid carriage. It is concluded that there is intense selection against plasmid carriage (s = 0.3 per culture generation), which amplifies the frequency of segregants arising de novo.
If plasmid copies are partitioned unequally between daughter cells, or if the rate of plasmid replication is insufficient to keep pace with host replication, then plasmid-free segregants will arise de novo in populations of plasmidbearing bacteria (6, 9, 19, 22) . If carriage of plasmids hinders cell growth, then selection will further amplify the frequency of segregants (4, 5, 7, 8, 11, 13, 14, 17, 23, 24, 27, 28) . In this paper, we use a mathematical model that incorporates the effects of both segregation and selection to describe the dynamics of plasmid loss in experimental populations of bacteria.
Mathematical model. The rate of loss of plasmid-bearing cells can be described by the following differential equation: dPldt = -uP -sP(1 -P) (1) where P is the frequency of plasmid-bearing cells, u is the rate of segregation, and s is the selective disadvantage in growth rate associated with plasmid carriage. When equation 1 is integrated, one obtains the following expression (see also reference 2): P~~PO(U +s) (2) [u + s(1 -Po)]e(u + s)t + sp( where P0 is the frequency of plasmid-bearinng cells at time zero.
In Fig. 1 The likelihood of segregation for a plasmid-bearing cell is independent of the frequency of plasmid-free cells in the population. In contrast, the intensity of selection against plasmid carriage is directly influenced by the frequency of plasmid-free cells in the population (see equation 1). Therefore, the effect of selection on the dynamics of plasmid loss is more pronounced when the initial frequency of plasmidfree cells is increased (i.e., P0 is reduced), as illustrated in Fig. 1 .
The parameters in equation 2 were estimated from the experimental data which follow, by using the PAR program for least squares nonlinear regression in the BMDP statistical package (3). To make variances homogeneous and * Corresponding author. thereby permit equal weighting of all samples, frequencies of plasmid-bearing cells were transformed by using arcsin \/P (25) . This transformation was applied to the expected frequencies obtained from equation 2, as well as to the observed sample frequencies, so that no reinterpretation of parameter estimates is necessary. The 95% confidence intervals for the observed frequencies of plasmid-bearing cells in each sample were calculated directly from the binomial distribution (Table W in reference 21) .
Experimental populations. The host bacterium used in this study was Escherichia coli B (12) transformed with DNA of the nonconjugative plasmid pACYC184, which confers resistance to the antibiotics chloramphenicol and tetracycline (1) . Bacterial populations were cultured continuously with vigorous aeration at 37°C in a minimal salts medium (12), supplemented with 25 ,ug of limiting glucose per ml. The dilution rate w was set to 0.25/h, so the culture generation time T = 1/w was 4 h (10). We express segregation rate and selection coefficient per culture generation.
One experimental population was started from a plasmidbearing cell culture, and another population was started from a mixture of plasmid-bearing and isogenic plasmid-free cell cultures. Samples were plated daily on antibiotic-free agar, and 300 colonies from each population were tested on agar containing 10 ,ug of chloramphenicol per ml. Some colonies were also tested on agar containing 12.5 ,ug of tetracycline per ml; no dissociation between the resistance markers was observed.
The dynamics of plasmid loss for the two populations are shown in Fig. 2 . The upper set of points corresponds to the population started from a plasmid-bearing cell culture only. (The presence of a few segregants at time zero indicates that segregation had occurred in the culture used to start this population.) The upper dashed line represents the best fit of equation 2 with the selection coefficient held to 0. Under this constraint, the estimated segregation rate is 0.105 per culture generation. There are clearly too few plasmid-free cells early in the experiment, and too many late in the experiment, to be explained solely by this simple model of segregation. The upper solid line represents the best fit of equation 2 with both the selection coefficient and the segregation rate allowed to vary. The estimated selection coefficient is 0.304 per culture generation, and the estimated segregation rate is 0. This does not imply that segregation did not occur, but rather that the rate of segregation was too small to be estimated accurately given the much stronger effects of selection.
The lower set of points corresponds to the population started from a mixture of plasmid-bearing and plasmid-free 
